Study design: Retrospective investigation using gait analysis and medical records. Objective: To evaluate the relationship between ambulatory function improvement and an increase in lower-limb motor scores in persons with motor incomplete spinal cord injury (SCI) and to compare the efficiency of lower extremity motor score (LEMS) and ambulatory motor index (AMI) in representation of ambulatory function improvement using gait analysis. Setting: SCI Unit, Yonsei Rehabilitation Hospital, Seoul, Korea. Methods: The gait analysis from 43 patients with SCI (paraplegic, n ¼ 22, tetraplegic n ¼ 21) were reviewed. The gait analysis data were obtained with Vicon 370 system. The LEMS and AMI were assessed before the gait analysis and the influence of an increase in lower-limb motor scores were investigated with linear parameters of gait analysis. Results: For group including both tetraplegic and paraplegic patients, both AMI and LEMS were statistically correlated with gait speed, step length and negative correlation with double-limb support. However, only LEMS was correlated with cadence. For the paraplegic group, with AMI and LEMS, there were correlation with gait speed, step length and right single-limb support and negative correlation with right double-limb support. However, only LEMS was correlated with left cadence and negative correlation with double-limb support. For the tetraplegic group, only left cadence was statistically correlated with AMI. Conclusion: Both AMI and LEMS were useful in terms of providing information for capability of ambulatory function for the paraplegic group. However, for the tetraplegic group, both AMI and LEMS do not provide sufficient information for ambulatory function of the incomplete SCI patients.
Introduction
A significant number of persons with incomplete spinal cord injury (ISCI) retain or regain the ability to walk; however, because of limitations in gait speed and endurance, walking may not be the practical method of mobility in the community. 1, 2 Muscle strengthening is one of the principal interventions following ISCI aimed at improving functional abilities such as walking. 3 Crozier 4 found that persons who recovered a greater than grade 3 strength in their less affected quadriceps by 2 months following ISCI had an excellent prognosis for ambulation. Composite scores of lower extremity muscle strength, such as ambulatory motor index (AMI) and the American Spinal Injury Association (ASIA) lower extremity motor scores (LEMSs), have been found to correlate with gait speed and ambulatory capacity both in persons with acute and chronic ISCI. 5 Although clinically these LEMSs have been used as indicators for ambulatory function of ISCI patients, there has been no comparison with functional ambulatory parameters using gait analysis.
Walking at different speeds is achieved by simultaneously varying the stride length and frequency. 6 The level of impairment following ISCI varies greatly among individuals and can be represented as a spectrum of deficits, as presented by the ASIA scale. 7 Muscle weakness is one of the major deficits observed in SCI subjects 8 and in most subjects, the preferred as well as the maximal walking speed is usually greatly reduced. Similarly, it was reported that in stroke patients the strength of lower limb is related to gait velocity and cadence, and that the maximal gait speed is correlated with hip flexor and plantarflexor strength is adult subjects with stroke. 9 In terms of ambulatory function, there is difference between patients with tetraplegia and paraplegia clinically. For tetraplegic patients, not only the lower extremities and trunk muscles are affected but also muscles of the upper extremities, so that the supportive function of arms is weak. Wirz 10 found that even with the LEMS remaining below a certain level, patients with paraplegia become ambulatory while patients with tetraplegia remain wheelchair-bound. The purpose of this study was to compare the efficiency of LEMS and AMI in representation of ambulatory function improvement using gait analysis.
Patients and methods

Patients
Neurological levels and impairment scales were determined according to the ASIA standards. Criteria for inclusion in the study were as follow; (1) have some residual lower extremity motor strength after an ISCI (ASIA C or D), (2) be able to walk independently or with supervision for at least 3 min or at least 5 m without assistive device. This study was approved by the medical ethical committee at our hospital.
We excluded patients who were aged under 15 or over 65 or with an incomplete database record. Subjects who had orthopedic or neurologic conditions in addition to the SCI were excluded from this study as well.
There were 26 male and 17 female patients. The mean age was 39.8 years (15-60 years) and the mean time from injury was 12.8 months (1-136.5 months). There were 22 paraplegic and 21 tetraplegic SCI patients. The mean LEMS was 38.1 points (6-50 points) on the basis of a total of 50 points ( Table 1 ). The mean AMI was 25.1 points (14-30 points) on the basis of a total of 30 points (Table 1) .
Methods
Analysis of general characteristics. Patient data were obtained retrospectively using chart reviews. Age, sex, duration from time of injury, level of injury, cause of injury, ASIA LEMS and AMI were evaluated.
Procedure of gait analysis. Gait analysis was performed using a computerized gait analysis system (Vicon 370 Motion Analysis System with six infrared cameras, Oxford Metrics Inc., Oxford, UK) to measure the linear data and the kinematic data during the gait cycle. According to the modified Davis 11 biomechanical model, a trained investigator placed 15 reflective markers on the first sacrum, the anterior superior iliac spines, the mid-points of lateral femur, the lateral knee joint axis, the midpoints of the lateral tibia, the lateral malleolus, the heel and the dorsal foot between metatarsal heads 2 and 3. All subjects walked barefoot at a self-determined speed along an 8-m path with the marked in place.
Analysis of clinical parameters. Examinations were performed before the gait analysis by experienced physicians. For lower extremity muscle score (LEMS), in accordance with the standard neurologic assessment developed by ASIA, the voluntary muscle strength of five key muscles (hip flexors, knee extensors, ankle dorsiflexors, long toe extensors and ankle plantarflexors) of both lower extremities was tested.
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Each muscle was given a value between 0 and 5 according to the strength of voluntary muscle contraction. Maximum and minimum LEMS were 50 and 0, respectively. For AMI, the voluntary muscle strength of five muscles (hip flexors, hip extensors, hip abductors, knee extensors and knee flexors) of both lower extremities was also tested. Each muscle was given a value between 0 and 3 according to the strength of voluntary muscle contraction. Maximum and minimum AMI were 30 and 0, respectively. 2 
Statistical analysis
For statistical analysis, SPSS 17.0 windows version (IBM Corp., Somers, NY, USA) was used. To compare general characteristics of patients with paraplegia and tetraplegia, the independent t-test and the w 2 were performed. Pearson's correlations were performed between changes in LEMS and AMI with gait parameters. Magnitude of correlation were defined as poor (ro0.4), moderate (0.4oro0.6) and strong (r40.6).
Results
A total of 43 patients suffering from an ISCI were included in this study. Among the patients, 22 (51.1%) patients were classified as the paraplegic group and 21 (48.9%) patients were classified as the tetraplegic group (Table 1) .
Comparison of general characteristics between the two groups
There was no statistically significant difference observed between the two groups with respect to age, sex, duration of time from injury, LEMS, AMI or gait analysis parameters (Tables 1 and 2) .
Comparison of gait analysis parameters between the two groups For the group including both tetraplegic and paraplegic patients, with increases in both AMI and LEMS, gait speed (m sec -1 ) was increased and was moderately correlated. With ) were correlated only with increases in LEMS (Table 3) .
For paraplegic group, for LEMS, there was a strong correlation with increases in gait speed (Figures 1 and 2) . And for AMI, there was a moderate correlation with increases in gait speed. With step length and right single-limb support (%), both AMI and LEMS were correlated to these parameters. In addition, both AMI and LEMS showed negative correlation with right double-limb support. However, increases in left cadence and left double-limb support were correlated only with increases in LEMS (Table 4) .
For tetraplegic group, with LEMS, there was no significant correlation with any of parameters of gait analysis. Also with AMI, there was no significant correlation with changes in gait speed, step length, step time, single-limb support and double-limb support. With increases in AMI, only left cadence was increased and showed moderate correlation (Table 4) .
Discussion
The ASIA protocol has been extensively used as a standardized assessment tool to document the neurologic deficit after an SCI. 13 Additional assessment of the activity has to be applied for assessment of the activity limitation in order to enhance comprehensive outcome assessment. For that specific reason, LEMS and AMI has been used as an indicator of muscle strength and walking function. Previous studies reported positive correlation between motor score improvement and ambulatory function. They reported that particular muscles around the hip 14 or knee extensor strength are associated with ambulatory function. 4 Kim 14 found that the long toe extensor, the more affected knee extensor and the less affected ankle dorsiflexors were not significantly related to gait speed or 6-min-walk distance. They suggested for the gait speed and 6-min-walk distance, the strongest correlations were produced by only the hip flexors and hip abductors on both sides. In this study, for the all group, with LEMS and AMI improvement, gait speed and step length were increased with statistically significance. Similar results were reported for paraplegic group as well. LEMS and AMI were correlated with increases in gait speed and step length. Walking speed being the product of the stride frequency and the stride length, Pepin 15 suggested that SCI subjects adapt to higher walking speeds by favoring an increase in stride length rather than an increase in stride frequency. They suggested that one important problem for SCI subjects in reaching higher walking speeds seem to be their inability to increase their stride frequency. Our study result also shows that with significant improvements in speed, both LEMS and AMI were statistically correlated with step length. However, only LEMS was statistically correlated with increases in cadence. This suggests that as motor function improves, the main reason for gait speed improvement might be because of increases in step lengths rather than increase in cadence. Gait speed is important since in previous studies, even in ISCI patients with good walking ability automatically can improve balance during walking by walking as fast as possible. 16 Also the ability to voluntarily increase walking speed may better reflect the remaining capacity for a community challenge. 17 Previously, studies 15 also reported limitation of SCI partially caused by an increased stiffness of lower-limb joints caused by changes in the mechanical properties of muscles and tendons as well as co-activation of antagonist muscles. In that study, the activity profile of the triceps surae muscles was often flattened, the amplitude reduced and peak activity during push-off were reported to be commonly absent. 18 Another explanation for limitation of maximal stride investigators provided was the lack or the diminished propulsive forces in SCI subjects in a study on ground reaction forces. 19 As it was reported that although, the first and second vertical peak forces did not change with changes of the stride length by 10% of the leg length, both breaking and propulsive forces were affected by the 10% change. Previous studies explained that the hip flexors have an important role during the initial swing phase of gait to pull the swinging limb forward, and the hip abductors are important for stability during stance. 20 However, Kim 14 suggested that the muscles important for level walking were not always the same muscles important for ambulatory capacity, which may be more involved. In this study, cadence showed significant correlation only with LEMS. This might be explained because AMI represents only hip and knee muscles. However, LEMS represents not only hip and knee motor function but also the ankle and toe extensor muscles as well. Therefore, although hip and knee muscles have major role in ambulatory function of ISCI patients, ankle and long toe muscles might have at least a minor role in improving ambulatory function. In this study, for both, the all group and paraplegic group, with LEMS and AMI improvement, double-limb support was decreased. In the paraplegic group only, single-limb support was increased with LEMS and AMI. These results are concurrent with previous studies. Pepin 15 suggested their reduced maximal stride frequency in SCI subjects was reflected by longer stance, and double-support durations than those measured within the normal group. The longer time that SCI subjects have to stay in double support in order to perform the task could also be lined to an altered control of balance. It has been shown that electrical stimulation of the weak plantarflexor muscles during walking could improve forward and upward propulsion of the swinging leg and reduce swing duration. 15 For the group including both paraplegic and tetraplegic patients with AMI improvements, only left double-limb support was decreased. For the paraplegic group, with LEMS and AMI improvement, only left cadence and right singlelimb support were increased and right double-limb support was decreased. These were statistically correlated with increases in both AMI and LEMS. Differences in left and right sides were reported previous studies as well . Kim 14 reported that the strength of the less affected limb in bilateral weakness patients, as opposed to that of the more affected limb, seems more important in determining the level of functional performance. They suggested that persons with at least one strong limb are able to perhaps compensate for the weakness on the more affected side and thus demonstrate higher functional performance.
In this study, for tetraplegic group, there was no significant correlation with LEMS and the only AMI was significant correlated with left cadence. This result could be explained since clinically tetraplegic patients require not only the lower extremities and trunk muscles are affected but also muscles of the upper extremities and trunk muscles. Therefore, the supportive function of arms is weak. Wirz 10 suggested for patients with tetraplegia, all lower extremity key muscles had to reach a functional level of muscle contraction to permit locomotor function. In contrast, patients with paraplegia may achieve this performance with limited walking function. They suggested this difference was due to the additional weakness of trunk and upper-limb muscles in patients with tetraplegia, which requires substantially more lower extremity muscles force to compensate for the postural instability. They also suggested that once this stability had been established, ambulatory patients with tetraplegia achieved a higher level of walking function than patients with paraplegia. On the other hand, it is important to keep in mind that the limitation of gait speed and cadence in SCI patients are not only because of muscle weakness and can be linked to a reduced range of motion at the joints. A reduced hip range of motion and a flexed position of the knee will limit the step length because the foot will not reach as far forward at foot contact, and hence this would affect other parameters as well. This study also was designed only to evaluate the relationships between motor scores and linear parameters of gait analysis. These are limitations of our study. Therefore, further studies will be required to determine the effect of spasticity effects on patients with SCI and also include evaluation of kinematic and kinetic parameter of gait analysis with motor improvements.
Conclusion
To summarize, as an indicator of ambulatory function of ISCI, AMI and LEMS are not sufficient to represent all ISCI group. Both AMI and LEMS were useful in terms of providing information for capability of ambulatory function for the paraplegic group. However, for the tetraplegic group, both AMI and LEMS do not provide sufficient information for ambulatory function of the ISCI patients. In conclusion, in order to provide and evaluate the capability of gait, future studies should include measurements of kinetic and trunk movement as well as assessing the role of balance for gait of SCI patients.
